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I.  ALDOSTERONE 


Introduction: 

The  fatal  consequence  of  the  pathological  destruction  of  the  adrenal 
glands  in  nan  or  of  their  experimental  removal  in  animals  was  established 
100  years  ago.  It  was  not  until  1927,  however,  that  the  fall  in  plasma  sodium 
and  rise  in  plasma  potassium  concentrations  which  followed  bilateral  adrenal- 
ectomywere  observed  and  attention  thereby  drawn  to  the  role  played  in  sodium 
metabolism  by  the  secretions  of  the  adrenal  glands#  This  was  followed  by  the 


recognition  that  some  of  the  symptoms  of  adrenal  insufficiency  could  be 

3 

alleviated  by  the  a  dministration  of  sodium  chloride  and  the  beneficial  affect 
of  sodium  chloride  in  the  treatment  of  Addison’s  disease  was  established. 

Attempts  were  consequently  made  to  isolate  the  life-saving  constituent 
elaborated  by  the  adrenal  gland.  It  was  only  after  the  failure  of  the  medullary 
hormone  adrenaline  to  maintain  life  in  the  adrenalectomized  animal  that  it 
was  recognized  that  the  vital  constituent  originated  in  the  cortex  of  the 
gland.  In  1927  several  groups  of  researchers  independently  reported" the 
preparation  of  adrenalcortical  extracts  claimed  capable  of  prolonging  the 
survival  of  adrenalectomized  experimental  animals.  Analyses  of  concentrates 
of  whole  adrenal  glands  revealed  that  these  contained  a  large  number  of 
steroid  substances  which  originated  in  the  adrenal  cortex.  The  first  steroid 
to  be  isolated  which  possessed  recognized  adrenal  cortical  activity  was  cortico- 
sterone  in  1937#  Cortisone  had  been  isolated  the  previous  year  but  its  biological 
activity  had  not  been  recognized  at  that  tine#  By  19u3  the  number  of  steroids 
isolated  from  adrenal  extracts  had  grown,  to  23# 

"When  all  the  known  crystalline  steroids  had  been  removed  from 
adrenocortical  extract  there  remained  an  ’amorphous  fraction’  which  possessed 


great  physiological  activity 
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the  kidney  of  the  adrenalectomized  dog  and  by  the  survival  test  in  rats.  In 

r 

particular  the  ’amorphous  fraction’  contained  at  least  %0%  of  the  sodium  retain 
ing  activity  of  the  original  extract* 

789 

Molecular  Identification  and. Synthesis : 9 

In  19^2  Simpson,  Tait  and  co-workers  began  to  publish  the  results  of  a 

systematic  investigation  of  the  activity  of  the  amorphous  fraction  of  adrenal 

extract.  By  means  of  a  sensitive  bio  as  say  and  of  the  new  chomatographic 

11  12 

methods  of  steroid  extractnoii,  they  discovered  the  presence  of  a  strong  sodium 

retaining  activity  in  one  specific  chromatographic  fraction  of  hog  adrenal 
13  * 

extracts.  The  same  substance  was  found  in  dog  adrenal,  vein  blood  and  in 
monkey  adrenal  perfusate.  These  workers  in  collaboration  with  “Wettstein 
and  Neher  of  Ciba  Ltd*,  and  von  Euw  and  Reichstein  of  the  University  of  Basle 
isolated  and  crystallized  tie  substance,  aldosterone,  in  19o3. 

The  constitution  of  the  new  steroid  was  elucidated  in  19!oU  by  Reichstein 
and  his  collaborators  and  its  chemical  properties  described.  It  is  18-cortico¬ 
sterone  or  corticosterone-18-aldehyde  and  has  accordingly  been  given  the  name 
of  ’aldosterone’.  In  solution  this  aldehyde  form  exists  in  equillibrium  with 

the  cyclohamiacetsl  form;  the  cyclohemiacetal  form  predominating, 

9  CH2OH 
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Fig.  1. 

"It  T.rill  be  seen  that  the  compound  does  not  possess  a  17  hydroxy  group 
and  hence  does  not  give  the  Porter-Silber  reaction.  It  possesses  an  -4-ketol 
side-chain  and  hence  reacts  with  blue  tetrasolium  and  it  is  a  delta-4,3  -ctB- 3- 
unsaturated  keytons  and  so.  gives  a  yellow  soda  florescence  with  ultra-violet 
light.  Unlike  other  corticosteroids  which  give  only  one  acetate  in  the  twenty- 
position,  aldosterone  can  be  acyl ate d  to  give  three  compounds,  the  18-  and 
<  21-  monoacetates  and  the  18,  21  diacitaxa. 


IT 


The  amount  of  crystalline  aldosterone  available  from  adrenal  glands. 


however  was  so  small  that  the  only  prospect  for  full  clinical  investigation  lay 
in  obtaining  material  by  synthesis.  At  the  onset,  the  only  feasable  approach 
appeared  to  be  total  synthesis,  and  between  1955  and  I960,  no  less  than  five 
different  total  syntheses  of  aldosterone  were  reported.  In  spite  of  these  efforts 
devoted  to  total  synthesis  it  was  realized  that  if  methods  could  be  developed 


for  the  oxygenation  cf  the  C-io  methyl  group  the  partial  synthesis  would  be  of 


much  greater  value  in  making  aldosterone  in  quantity#  Tremendous  efforts  were 
directed  along  these  lines  and  in  the  space  of  a  few  short  months  in  I960  four 
partial  syntheses  were  reported# 

Metabolism-Biosynthesis,  Secretion  and  Excretioni^ 


Figure  2,  deals  with  the  biosynthesis  of  aldosterone.  Aldosterone  formation 
Progesterone  Besoxcycortico-  18,21  Dihydroxy- 


Figure  2, 

(While  hydroxyl  at  ion  at  C-ll,  C-21  and  0-17.  occur  in  the  mitochondria  (0-11) 

and  microsor.es  of  the  ceils  of  the  zona  reticularis  and  fasciculate,  the 
enzyme  system  for  the  C— lb  oxidation  is  localised  in  the  zona  glomerulosa) 

has  been  demonstrated  by  a  variety  of  procedures  from  such  steroid  substrates  as 

progesterone,  desoxycorticcsterone  and  corticosterone.  Some  discrepancies  occur 

d.. _ 3  ...,ZL "C 0 X* 2.  ivTiT* *3  3.3  ~l  3 31.  33 3  3±  3 ^ 3 0 0  ^  u. x  2  o  ^  *-  ^ 

precursor;  however,  the  bulk  cf  these  investigations  indicate  that  the  likelv 


V 

U» 


^pathway  is  progesterone— >  deoxycorticosterone— >  corticosterone--^  aldosterone* 
In  terms  of  yields  progesterone  by  the  perfusion  technique  or  by  incubation 
with  adrenal  capsule  stripping  "gave  the  largest  conversion  to  aldosterone. 
However,  the  relative  specific  activity  of  the  isolated  aldosterone  fom  these 


11* 

steroids  labeled  with  C  was  the  lowest  for  progesterone  and  highest  for  cortico- 

19 


sterone  in  one  study,  whereas  the  specific  activity  was  lowest  for  corticosterone 

20 

and  highest  with  progesterone  as  substrate  in  another  study.  Deoxycorticosterone 
gave  values  intermediate  in  range  in  these  cases.  In  the  work  of  Wettstein 


deoxycorticosierone-21-C  was  converted  to  aldosterone  in  high  yields,  whereas 
progesterone  was  not,  using  adrenal  homogenates.  In  this  study  the  l8~aldehyde 
derivative  of  doxycortico sterone  was  isolated  and  this  compound  was  suggested 

to  be  a  direct  intermediate  In  aldosterone  biosynthesis.  More  detailed  experiments 

21 

using  bovine  capsule  strippings  by  Ayres,  while  not  discounting  the  presence  of 
other  pathways,  strongly  suggest  that  the  major  conversion  to  aldosterone  occurs 
by  a  sequence  involving  cholesterol->progesterone*deoxycorticosterone-»cortico- 
sterone->aldosterone. 

The  mechanism  for  the  formation  of  the  18-aldehyde  (free  or  in  hsmiacetal 
form)  In  aldosterone  remains. I  o  be  demonstrated;  however,  the  18-hydroxyl  derivatives 
of  corticosterone  and/or  deoxycorticosterone  have  been  synthesised  in  vitro 
from  steroid  precursors,  progesterone, deoxycorticosterone,  and  corticosterone, 
and  it  has  been  suggested  that  the  18-hydrcxy  derivatives  take  the  role  of 
intermediates  to  aldosterone  formation*  It  remains  to  be  proved  whether  In 
biosynthesis  the  1 8 -hydroxyl  group  of  18-hydroxycorticosterone  is  converted  to 


the  18-aldehyde  form  in  aldosterone* 

Hormal  men  and  women  on  a  normal  diet  produce  about  loO  p.g  of  aldosterone 
per  day  with  no  apparent  sex  difference.  This  agrees  well  with  the  dose  of  150 
to  200  ^g  reported  necessary  to  maintain  electrolyte  balance  in  Addison’s  disease* 


c 


C- 
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Low  sodium  diets  call  forth  an  important  response  and  the  mean  value  of  1800  pig 

that  is  obtained  illustrates  the  dramatic  increase.  But  this  change  was  only 

I 

a  portion  of  the  value  of  5700  pi.g  found  for  the  combination  of  decreased  sodium 
and  increased  potassium  in  the  diet.  High  levels  of  potassium  increased  aldo~ 
sterone  about  1005  and  high  levels  of  sodium  resultedin  a  secretion  of  one 
third  that  of  normal.  Nephrosis,  hypertension,  and  congestive  failure,  and  the 
last  trimester  of  pregnancy  cause  dramatic  increases. 
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Figure  3.  (from  Ref.  (b) ) 

The  results  of  human  studies  with  lo  H  aldosterone  indicate  that  its 
half  life  in  peripheral  blood  is-from  3  to  5  times  shorter  than  that  of 
U  CThydrocortisone,  This  suggests  that  aldosterone  is  metabolized  more 
rapidly  than  hydrocortisone. 

The  major  metabolites  of  aldosterone  in  man  are  those  excreted  in 
urine,  and  released  at  pH  1,  e,g.  aldosterone  itself;  or  by  incubation  with 
B glucuronidase,  e.g.3  -5  ^tetrahydroaldosterone.  From  radioactive  tracer 
studies  it  seems  es  20 %  of  secreted  aldosterone  is  converted  to  the  pHT.  1 


themajor  route  being  to  the  metaoolites 
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conjugated  with  glucuronic  acid  alter  A  ring  reduction  of  the  steroid 
molecule. 

Biologic  Effects  of  Aldosteron£~^ 

The  major  biologic  role  of  aldosterone  is  to  modify  electrolyte  trans¬ 
port,  but  the  mechanism  of  this  effect  is  as  yet  still  uncertain.  Its  ability 
to  cause  renal  sodium  retention  and  increased  potassium  excretion  in  man,  the 
adrenalectomized  rat  and  the  adrenalectomized  dog* has  been  demonstrated.  In  its 
absence^  depression  of  the  salivary  sodium-potassium  ratio  occurs;  chiefly  because 

of  a  decrease  in  sodium  retention.  The  potency  of  exogenous  aldosterone  with 
* 

respect  to  electrolyte  metabolism  is  about  20  to  30  times  that  of  deoxycotico- 
sterone. 

In  the  kidney  aldosterone  appears  to  affect  tubular  function,  but  no  final 
statement  can  be  made  as  to  which  parts  of  the  nephron  are  under  the  influence 

25> 

of  aldosterone.  Stop-flow  analysis  indicates  that  %b  least  one  site  of  regulatory 
influence  is  the  distal  tubule.  The  fact  that  aldosterone  can  reduce  sodium 
excretion  without  altering  urinary  volume  is  computable  with  such  a  site  of 
action.  Aldosterone  by  enhancing  sodium  reabsorp tin  could  secondarily  enhance 
potassium  and  hydrogen  ion  excretion  by  an  exchange  process,  When  sodium  intake 
is  restricted,  the  increase  in  potassium  excretion  that  usually  follows  aldo¬ 
sterone  administration  is  significantly  reduced.  The  phenomenon  is  explained  by 
postulating  that  insufficient  sodium  reaches  the  location  in  the  distal  tubule 
where  the  exchange  takes  place. 

There  can  be  no  doubt  that  in  many  instances  potassium  excretion  parallels 


sodium  reabsorption.  However,  exceptions  do  occur.  For  example,  aldosterone 
can  increase  potassium  excretion  without  altering  sodium  reabsorption  in  sodium 
loaded  dogsV  In  man,  aldosterone  has  been  observed  to  induce  sodium  reabsorption 


without  increasing  potassium  excretion. 


Hie  exchange  process  is  a  frequent 
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accompaniment  but  not  an  essential  feature  of  aldosterone  action. 

Because  of  the  morphological  complexity  of  the  mammalian  kidney  investigators 
have  turned  to  the  structurally  simple  isolated  toad  bladder  for  analysing  the 
exact  effect  of  aldosterone  in  sodium  reabsorption.  Aldosterone  stimulates  trans¬ 
port  by  the  toad  bladder.  The  transport  of  sodium  in  this  organ  is  an  active 
process  that  is  directed  against  an  electrochemical  gradient  and  not  accompanied 
by  an  exchange  for  hydrogen  or  potassium*  Edelman  and  his  associates  have  come 
forward  with  a  most  stimulating  suggestion  as  to  the  mode  of  action  of  aldosterone. 

The  following  facts  are  pertinent  to  the  suggestion:  (l)  Aldosterone  increases 

£ 

sodium  transport  in  isolated  toad  bladder  after  a  latent  period  of  about  one 
hour;  (2)  actinoryein  and  puromycin  inhibit  the  action  of  aldosterone;  and 
(3)  aldosterone  increases  uptake  of  H^-uridine  into  R.TT.A.  of  the  toad  bladder.  It 
is  suggested  that  aldosterone  induces  de  novo  synthesis  of  enzymes  linking  metabolic 
processes  to  sodium  transport.  The  increase  in  sodium  transport  is  considered 
to  be  brought  about  by  an  increased  rate  of  D.N.A*  mediated  nuclear  synthesis 
of  R.N.A.  which  in  turn  increases  the  rate  of  synthesis  of  enzymes  involved 
in  sodium  transport.  The  long  latent  period  of  action  of  aldosterone  o:i  the 
mammalian  kidney  is  more  readily  explained  by  an  influence  on  nuclear  processes 
concerned  with  enzyme  synthesis  than  by  an  action  on  a  cell  membrane  usually 


considered  to  have  no  latency  of  onset* 

The  effects cf  Long  term  exposure  to  excessive  quantities  of  aldosterone  are 
dramatically  illustrated  by  Conn’s  syndrome  or  primary  aldosteronism,  a  disease 
in  which  the  adrenal  0 art ex  secretes  an  excess  of  the  sodium  retaining  steroid* 

The  patient  is  usually  in  sodium  balance  and  the  concentration  of  sodium  in  the 
plasma  is  normal  or  slightly  elevated.  However,  potassium  is  excreted  in  excessive 
amounts  despite  the  hypokalemia,  'The  muscular  weakness  is  a  result  of  the  marked 
loss  of  potassium.  The  aberrations  in  electrolyte  and  water  balance  .are 


c 
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complicated  by  pathological  changes  in  the  kidney  characteristic  of  severe 
potassium  deficiency  regardless  of  cause  •—  mainly  an  inability  to  form  a 
concentrated  urine* 

When  there  is  a  tendency  towards  edema,  for  example,  in  hepatic  cirrhosis 
and  nephrosis,  there  is  frequently  an  associated  abnormally  high  rate  of  secretion 
of  aldosterone*  .Since  the  primary  cause  is  not  the  adrenal,  the  condition  is 
described  as  secondary  hyperaldosteronism*  The  nature  of  the  stimulus  to  the 
adrenal  cortex  is  a  matter  of  controversy  and  experimental  study* 
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II.  REVIEW  OF  FACTORS  REGULATING  ALDOSTERONE  SECRETION 

The  actual  significance  of  the  several  individual  physiologic  mechanisms 

known  to  influence  aldosterone  secretion  is  at  present,  uncertain  and  often 

debated.  The  following  review  is  designed  to  elucidate  the  various  possible 
27  28  2 

mechanisms  Ihd  to  present  the  significant  experimental  data  supporting  each* 
It  is  hoped  that  this  will  provide  an  adequate  background  by  which  one  can 
better  understand  the  purpose  of  our  experience  and  moze  critically  evaluate 


Electrolyses 

As  mentioned  in  the  previous  section,  varying  the  electrolyte  composition 
of  diets  can  elicit  rather  remarkable  f lactations  in  aldosterone  secretion. 

The  two  ions  most  studied  in  this  regard  are  sodium  and  potassium  because  of 
the  known  effect  of  aldosterone  on  their  metabolism. 

It  was  Initially  thought  that  the  concentration  of  sodium  in  plasma  might 

30  31 

be  a  regulating  factor,  -and,  in  fact,  perfusion  of  dog  and  sheep  adrenals  with 
plasma  of  low  sodium  concentration  was  found  to  increase  aldosterone  secretion 
in  acute  experiments.  The  observation,  however,  that  the  plasma  sodium  concen¬ 
tration  was  normal  during  sodium  depletion  in  man  made  it  seem  unlikely  that 
the  plasma  concentration  ’per  se’  was  a  major  stimulus  to  aldosterone  secretion. 
This  point  was  further  substantiated  by  data  which  showed  that  when  vasopressin 
and  water  were  given  to  sodium  depleted  subjects,  aldosterone  secretion  was 
reduced  in  spite  of  a  fall  in  plasma  sodium* 

Another  possible  way  in  which  the  sodium  ion  might  influence  aldosterone 

33 

secretion  was  suggested  by  Stuart-Harris  et  ai,  who  noted  that  the  calculated 
extracellular  sodium  decreased  and  increased  ’pari  passu’  with  changes  in  the 
extracellular  volume  to  a  much  greater  extent  than  the  total  exchangeable  sodium. 


/ 
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Be  thus  concluded  that  changes  occurred  in  the  electrolyte  composition  of  cells 
during  hydration  and  salt  depletion  and  that  these  intracellular  ectrolyte 
changes  rather  than  fluid  volume  night  trigger  the  mechanism  controlling  the 
release  of  aldosterone*  These  observations  and  their  conclusion  can  be  criticized 
however,  because  of  the  many  inaccuracies  inherent  in  the  measurement  of  total 
exchangeable  sodium  and  the  calculation  of  intracellular  sodium. 

In  brief,  then,  at  present,  sodium  concentration  per  se  in  the  cell  or  in 
the  plasma  is  not  considered  to  be  a  critical  factor  in  regulating  aldosterone 
secretion. 


In  contrast  to  sodium,  plasma  potassium  levels  do  seem  influential  in 

aldosterone  regulation.  Gann  et  a’Pwere  able  to  demonstrate  in  humans  that  a 

low  serum  potassium  concentration,  which  followed  potassium  depletion,  decreased 

aldosterone  secretion  while  potassium  loading  increased  it. 

Increments  in  the  plasma  potassium  concentration,  as  small  as  1,3  mJh/L 

havs  been  associated  with  an  increased  aldosterone  secretion  in  hyp ophs ec t omis e d 

do&k.  Furthermore,  this  direct  relationship  between  serum  potassium  concentration, 

as  controlled  by  diet,  and  aldosterone  secretion  has  been  shown  to  be  independent 

of  changes  in  sodium  balance,  intr a- vascular  volume^  or  arterial  pressure^  and 

even  occurred  in  the  hypophysectomized,  nephrectomized  animal.  Significantly 

also,  it  has  been  shown  that  acute  infusions  of  KGL  and  K^SO^  into  the  arterial 

supply  of  isolated  adrenals  increased  aldosterone  secretion;  thus,  providing 

evidence  for  a  direct  effect  of  the  potassium  ion  on  the  adrena^i. 

36 

An  interesting  observation  made  by  Gann  was  that  only  the  infusions  of  KOI 
into  the  carotid  artery  elicited  increased  aldosterone  secretion,  while  similar 


infusions  into  the  peripheral  veins  elicited  no  response  despite  high  plasma  levels 


11 


of  potassium.  This  response  did  not  seem  related  to  ACTH  release,  as  hypophsectomy 
did  not  abolish  the  effect.  Because  these  intracarotid  infusions  did  cause  a 
significant  degree  of  hypertension  for  some  unknown  reason,  it  is  possible  that 
this  may  have  been  a  factor  in  initiating  aldosterone  release. 

Data  from  sheep  experiments  have  generally  been  similar  to  those  from  the 

dog^in  that  elevation  of  the  potassium  concentration  of  th.e  blood  perfusing  a 

transplanted  adrenal  stimulated  aldosterone  secretion  dir e a tly -,whil e  acute 

peripheral  infusions  of  the  same  or  higher  icn  concentration  showed  no  effect 

Finally,  data  from  the  rat  have  been  consistent  with  the  observations  in  the  dog 

and  shee^. 

x  <» 

Thus,  in  summary,  although  the  mechanism  is  not  clear,  dietary  potassium 
loading  does  appear  to  increase  aldosterone  secretion  'while  potassium  depletion 
diminishes  it.  Although  it  is  possible  its  effects  are  mediated  through  correspond¬ 
ing  changes  in  potassium  ion  concentration,  acute  changes  in  peripheral  plasma 
concentration  seem  to  have  little  effect.  It  is  also  known,  however,  that  in  some 
species  potassium  concentration  has  a  direct  affect  on  adrenal  tissue,  and  it  might 
be  postulated  that  ultimately  adrenal  cell  potassium  may  be  an  important  factor 
in  aldosterone  secretion.  It  is  even  possible  that  potassium  concentrations  influence 
a  neuraL intermediary  to  produce  its  effect  on  alsosterone  secretion, 

ACTH 

ACTH  is  another  factor  which,  depending  upon  the  species  involved  and  the 
metabolic  state  of  the  adrenal,  can  produce  a  definite  effect  on  aldosterone 
secretion.  Man  has  been  found  to  increase  aldosterone  secretion  in  response  to 
acute  administration  of  ACTH  and  this  effect  was  enhanced' by  sodium  depletion. 
However,  the  response  to  ACTH  was  cf  transient  nature  and  diminished  with  continued 
administration.  And  even  though  hyp ophysec tony  eventually  caused  a  slow  adrenal 


c 
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..atrophy  histologically,  acute  hypophysectomy  was  not  found  to  lower  basal 
aldosterone  levels  or  prevent  the  rise  in. secretion  that  followed  sodium  depletion. 

It  was  only  in  patients  with  chronic  deficiency  of  ACTH  (e.g.  with  panhypo¬ 
pituitarism  for  several  years)  that  the  immediate  increases  in  aldosterone,  usually 

i 

elicited  by  sodium  deficiency,  were  reduced  or  abolished,, 

In  the  dog,  although  chronic  administration  of  ACTH  did  not  increase  the  size 
of  the  zona  glomerulosa  histologically,  acute  adminstration  of  ACTH  stimulated 
aldosterone  secretion ^and  hypophysectomy  did,  in  U  -  6  weeks,  cause  a  mild  atrophy 
in  the  zona  glomerulosa.  In  fact,  in  the  dog,  ACTH  is  considered  to  play  quite  a 
significant  regulatory  role.  Mulrow  et  ^3  have  demonstrated  a  dose  dependent  respons 
in  which  incremental  doses  of  ACTH  only  stimulated  increased  glucocorticoid  function 
initially  but  once  maximal  glucocorticoid  stimulation  was  reached,  further  increments 
of  ACTH  stimulated  only  aldosterone  secretion.  This  stimulating  action  was  further 
enhanced  by  sodium  depletion.  Another  proof  that  ACTH  has  an  important  role  comes 

hi 

from  the  studies  of  Davis  who  showed  that  hypophysectomy  in  acutely  stressed  dogs 
caused  a  76%  -  97 %  decrease  in  aldosterone  secretion  within  two  hours.  Acute  hypo¬ 
physectomy  or  suppression  of  ACTH  with  high  doses  of  cortisone  also  decreased 
aldosterone  secretion  in  dogs  with  experimental  secondary  aldosteronism,  to  values 
almost  as  low  as  those  following  nephrectomy  plus  hypophysectomy.  Furthermore, 
acutely hypcphys ectomized  dogs  were  unable  to  produce  the  normally  expected  increase 
in  aldosterone  secretion  in  response  to  vena  cava  constriction, 

ACTH  has  a  somewhat  less  significant  role  in  the  rat.  Although  acute  ACTH 
administration  has  been  found  to  stimulate  aldosterone  secretion  and  hypophysectomy 

U3>UU 

to  decrease  it,  and  even  though  hyp ophys ectomized  rats  do  not  respond  to  sodium 
deficiency  with  increases  in  aldosterone  equal  to  the  controls,  it  has  been  shown 
that  acute  hypophysectomy  in  sodium  deficient  rats  does  not  decrease  aldosterone 
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secretion.  Moreover,  when  ACTH  alone  was  administered  to  hyp ophyse eternized 

rats  in  normal  electrolyte  balance,  it  increased  alsosterone  secretion  only  slightly 

and  not  to  levels  observed  with  sodium  depletion. 

Quite  a  different  situation  has  been  found  in  the  frog,  where  aldosterone 
is  the  main  steroid  excreted,  ACTH  was  found  not  only  to  stimulate  aldosterone 
secretion,  but,  if  suppressed  with  dexanethasone,  the  increased  secretion  levels 
normally  found  in  certain  conditions  could  not  be  maintained. 

Thus,  in  summary,  while  ACTH  is  known  to  influence  aldosterone  secretion 
in  nearly  all  species,  its  specific  contribution  is  quite  variable.  Moreover,  its 
mechanism  of  action  is  not  clear.  Generally,  however,  it  is  not  felt  to  be,  by  itself, 
the  major  factor  regulating,  aldosterone  secretion  but,  rather  to  be  important  in 
facilitating  the  effects  of  other  stimuli. 

Neural  Factors 

In  addition  to  the  pituitary,  other  sections  of  the  nervous  system 
have  been  postulated  to  influence  aldosterone  secretion.  In  the  dog,  the 
major  experimental  subject  for  such  studies,  there  certainly  is  no  direct 
neural  control  to  the  adrenals.  The  adrenals  can  be  transplanted  and 
secrete  aldosterone  at  a  high  rate  and  will  respond  to  the  general  maneuvres 
known  to  increase  aldosterone.  The  first  suggestion  of  a  C,N.S,  humoral 

US 


influence  other  than  ACTH  came  from  the  observations  of  Rauschkclb  and  Farrell 
who  noted  that  removal  of  the  brain  above  the  mid-brain  in  hypophysectomized 
dogs  resulted  in  an  aldosterone  secretion  rate  lower  than  in  the  hypophysectom¬ 
ized  controls,  detracts  of  oineal  and  adjacent  tissues  were  found  to  be 

U6 

active  whan  infused  intravenously.  Further  purification  revealed  both  a  stimu¬ 
lating  factor,  thought  to  be  1 -methyl-  6  -  me thorny  carboliZe  and  .an  inhibitory 
factor  thought  to  be  ubiqinone.  Subsequent  experimentation,  however,  showed 
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that  the  effect  of  l-methyl-6-methoxy  carboline  was  limited  exclusively 

to  decerebrate  dogs  and  did  not  stimulate  aldosterone  secretion  in  intact 

U8 

normals.  The  significance  of  the  influence  of  ubiquinone  is  uncertain,, 
Experiments  of  Bartt^h  have  suggested  that  the  peripheral-  nervous 
system  in  the  dog  may  mediate  some  control  over  aldosterone  secretion.  He 
demonstrated  that  when  the  carotid  artery  was  constricted  below  the  thyro- 
carotid  junction,  an  increase  in  aldosterone  secretion  occurred.  This  result 
was  independent  of  peripheral  arterial  pressure  and  could  be  abolished  by  prior 
denervation  of  this  junction.  It  was  thus  postulated  that  hemorrhage,  thoracic 
inferior  vena  cava  constriction,  and  carotid  artery  constriction  below  the 
neck,  caused  a  decrease  in  pulse  pressure  and  this  was  detected  by  nerves  at 
the  thyrocarotid  junction  which  relayed  the  message  to  the  brain  to  increase 
aldosterone, 

( 

Arguments  against  there  being  an  important  regulatory  mechanism  in  the 

50  v 

C.N.S.  include  the  following.  Ganong  pointed  out  that  only  lesions  in  the 
hypothalmus  which  destroyed  the  median  eminence  and  therefore  interfered 
with!  ACTH  release,  could  cause  a  drop  in  aldosterone  secretion.  Similarly 
Dav?s  suggested  that  diencephalic  lesions  probably  also  had  no  effect  on 
aldosterone  secretion  except  by  decreasing  ACTH  release. 

In  rats,  pineal  extracts  have  been  claimed  to  cause  histologic  changes 
indicative  of  increased  activity  in  the  zona  glomerulosa,  and  atrophy  of  this 
region  was  reported  to  follow  pinealectomy.  Moreover,  there  are  in  vitro 
studies  which  report  that  the  addition  of  fresh  pineal  and  diencephalic 

r-*  r\ 

extracts  to  adrenal  tissue  incubations  increased  aldosterone  production. 

But,  here  again,  controversy  exists.  Others  have  reported  no  effect  of 
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intake,  or  size  and.  histochemis’iy  of  the  zona  glomeruli  a.  Moreover,  it  has 

I 

been  demonstrated  that  pinealectomy  has  not  prevented  zona  glomerulosa  hyper - 

5U 

trophy  secondary  to  sodium  depletion* 

In  sheep,  the  few  studies  that  have  been  done  indicate  that,  although  a 

I 

sheep  with  mid  colli cular  brain  sectioning,  when  sodium  depleted,  increased 

I  ' 

aldosterone  secretion,  repletion  of  the  sodium  deficit  could  not  turn  off  the 
high  levels  of  secretion  as  it  did  in  normals.  Possibly  this  indicates  the 
prescence  of  an  inhibiting  C,N,S,  factor  in  normals. 

In  any  event,  the  controversy  on  this  subject  and  the  difficulty  in 
correctly  interpreting  the  data  are  more  than  evident.  At  present  it  is 
probably  reasonable  to  conclude  that,  although  possibly  the  nervous  system 
has  some  facilitative  or  inhibitive  function,  the  evidence  does  not  seem  sub¬ 
stantial  enough  to  allot  the  C,N,S,  a  major  role  in  the  control  of  aldosterone 

r 

secretion. 

Renin  Angiotensin 

While  it  has  long  been  recognized  that  the  renin  angiotensin  system 
plays  a  role  in  blood  pressure  regulation  it  was  not  until  Deane  and  Masson 

56 

in  1951  observed  that  hypertrophy  of  the  zona  glomerulosa  could  be  produced 
secondary  to  renin  induced  hypertension,  that  a  further  role  was  considered, 

57 

In  1958*  Gross  postulated  that  renin  exerted  a  control  function  on  the 
secretion  of  ald.osterone.  This  hypothesis  has  been  investigated  by  numerous 
experimenters  and  has  ceen  generally  supported;  but  here  also,  the  exact 
contribution  of  this  mechanism  in  the  physiologically  normal  animal  is  uncertain 
and,  as  with  ACTH,  it  may  well  vary  with  the  species  involved. 

In  essence,  the  renin-angiotensin  system  has  been  elucidated  as  follows. 
Renin,  an  enzyme  synthetized  in  the  juxtaglomerular  cells  of  the  kidney,  is 
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released  into  the  blood  to  act  upon  a  substrate  in  the  globulin  fraction 

termed  angiotensin,  thus  forming  the  decapeptide  angiotensin  I,  which  is  then 

changed  by  a  converting  enzyme  in  the  blood  to  the  octapeptide  angiotensin  II® 

Angiotensin  II  is  considered  the  active  principle  and  is  rapidly  inactivated 

by  a  number  of  peptidases  in  tissue  and  plasma. 

Before  examining  the  data  of  the, effects  of  the  proposed  mcechanism  on 

<Q 

aldosterone  secretion,  it  is  helpful  to  discuss  the  renin  release  system.  It 
is  known  that  acute  reduction  of  renal  perfusion  pressure  will  increase  renin 
release  from  the  kidney;  and  also,  that  procedures  which  increase  renin  release 
do  not  influence  the  plasma  sodium  concentration  at  all,  or  do  so  in  a  variable 
manner.  From  these  facts  two  interpretations  of  the  renin  mechanism  have  been 
proposed.  Some  favor  the  concept  that  tin  juxtaglomerular  cells  act  as  baro- 

receptors  through  which*  a  decrease  in  mean  arterial.  pressure  is  translated  into 
59  60  61 
renin  release,  wrhile  others  emphasize  the  work  of  Vander  and  rlilller  and  postu¬ 
late  that  the  macula  densa  in  the  distal  tubule  can  translate  changes  in  the 
filtered  sodium  load  into  renin  Release  from  the  juxtaglomerular  cells. 

The  effects  of  the  eventual  products  of  renin  release  on  aldosterone  have 
been  studied  in  several  species.  In  nan,  infusions  of  angiotensin  II  have 

6  2 

been  shown  to  stimulate  aldosterone  secretion.  Conversely,  patients  with 

secondary  hyper aldosteronism  have  been  observed  to  have  high  blood  levels  of 

renin  and  angiotensin.  Salt  depletion,  a  stimulus  know  to  increase  alsosterone, 

has  been  observed  to  be  associated  with  elevated  peripheral  plasma  levels  of 

renin  while  salt  loading  has  been  associated  with  depressed  levels. 

Not  readily  explained,  however,  is  the  observation  that  angiotensinll 

levels  were  not  increased  In  patients  who  had  been  on  a  low  sodium  diet 
63 

5-7  days. 
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Several  bodies  of  evidence  favor  a  role  for  the  renin- angiotensin  system 

in  dogs*  Infusions  of  saline  extracts,  or semi-tmrif ied  renin  extracts  of  dog 

6h 

kidneys,  or  angiotensin  II,  were  all  observed  to  stimulate  aldosterone  secretion, 
Moreover,  infusions  of  angiotensin  II  In  relatively  small  doses  directly  into 

65 

the  adrenal  artery  supply  elicited  ,an  increase  in  aldosterone  secretion. 

Beyond  this,  it  has  been  observed  that  the  constriction  of  the  aorta  above  the 

renal  artery,  a  known  stimulus  for  renin  production,  caused  an  increase  In 

aldosterone  secretion  while  constriction  below  the  renal  artery  which  causes 

66 

no  release  of  renin  also  caused  no  aldosterone  increase.  Another  piece  of 

67 

evidence  comes  from  Ganong  1  ITulrcv,  who  were  further  able  to  show  that 

nephrectomy  in  hypodhysectomised  dogs  not  only  lowered  basal  aldosterone 

secretion  level,  but  prevented  the  normal  rise  in  secretion  seen  during 

hemorrhage.  Also  it  has  been  shown  that  increased  renin  and  angiotensin  II 

68 

levels  were  found  in  sodium  depleted  dogs.  Using  a  immunological  approach 

it  has  been  shown  that  antibodies  to  hog  renin  block  both  its  aldosterone 

stimulating  properties  and- its  pressor  effect. 

In  rats,  in  contrast  to  the  dog  and  man,  experimental  data  favoring 

the  renin-angiotensin  system  is  not  very  strong.  Some  support  for  the 

/  69 

system  is  found  in  the  work  ofGlaz  and  Sugar  which  showed  that  when  the 

adrenals  from  rats  which  had  received  large  intravenous  doses  of  angiotensinll 

for  three  days,  were  removed  and  incubated,  a  significant  increase  in  the 

capacity  to  synthesize  aldosterone  was  observed.  Another  piece  of  evidence 

70 

comes  from  the  work  of  Masson  (not  yet  published)  who  has  been  able  to  cause 
a  2  -  3  fold  increase  in  aldosterone  secretion  in  unin ephr set omi zed  rats  by 
giving  chronic  subcutaneous  injections  of  large  doses  of  hog  renin.  Further¬ 
more  there  are  data  which  show  that  the  elevation  in  aldosterone  that  follows 
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vena  cava  constriction  can  be  lowered  by  nephrectomy  and  that  the  decrease 

in  aldosterone  caused  by  nephrectomy  plus  hypophsectoray  can  be  returned  to  normal 

by  infusion  of  angiotensin  II.  In  spite  of  these  data  there  is  a  significant  body 

of  evidence  against  there  being  a  major  role  for  renin-angiotensin  in  the  rat. 

For  example,  when  Glaz  and  Sugar  added  angiotensin  II  to  the  adrenal  tissue  in 
vitro  they  failed  to  produce  the  stimulating  effect  seen  in  vivo.  Extensive 

experiments  with,  infusions  of  renin  or  angiotensin  II  have  been  notably  negative 

in  their  ability  to  influence  increases  in  aldosterone  secretion  or  show  zona 

72  73 

glonerulosa  histologic  changes,  whether  in  the  normal  or  hypophysectomized  rat. 

Moreover,  in  experimental  situations  known  to  have  high  aldosterone  secretion 
rates,  such  as  following  hemorrhage,  or  salt  depletion  of  a  hypophysectomized 
rat,  nephrectomy  has  not  been  found  to  be  effective  in  lowering  the  secretion 
rate.  In  fact,  sodium  depleted  animals  have  maintained  high  levels  of  aldo¬ 
sterone  secretion  for  up  to  8  hours  folloT.ring  nephrectomy. 

From  these  data  it  is  evident  that  the  humoral  renal  -  adreno  cortical 
relationship  of  the  rat  may  differ  from  that  of  other  species  and  that 
observations  made  in  rats  may  not  be  confirmed  in  other  animals. 

In  brief,  then,  in  the  dog  and  man  tin  experimental  evidence  supports 
the  concept  of  the  renin-angiotensin  system  as  an  important  mechanism  in  the 
regulation  of  aldosterone.  The  data  favoring  this  system  in  the  rat  is  at 
best  controversial  and  even  though  it  may  be  possible  in  certain  severe 
experimental  conditions  to  elicit  an  aldosterone  increase  with  renin,  the 
contribution  of  the  system  in  the  normal  physiologic  state  would  not  seem 
to  be  very  great. 


Summary 


The  experimental  data  presented  show  that  the  orocess  by  which 
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aldosterone  is  regulated  is  complex,  .Not  only  does  there  seem  to  be  a 
variety  of  influences  which  can  modify  the  equilibrium  stat.®  but  the 
importance  of  each  of  these  influences  seems  relative  to  the  species  involved. 
The  C,N,S, ,  (although  well  studied)  does  not  seem  to  have  an  important  role, 
however,  it  may  have  a  minor  facilitating  or  inhibiting  ability.  The  potass¬ 
ium  ion,  ACTH,  and  the  renin-angiotensin  system  are  the  major  recognized 
influences.  Potassium  loading  seeems  to  stimulate  aldosterone  secretion  in 
all  species  although  it  is  not  the  means  by  which  many  phenomena  increase 
aldosterone,  ACTH  seems  to  have  at  least  a  minimal  effect  in  the  regulation 
of  aldosterone  secretion  in  most  species  and  is  especially  important  in  the 
frog  and  the  dog.  Many  consider  ACTH  to  possess  a  facilitory  function 
necessary  in  some  degree  for  the  full  effect  of  other  stimuli.  The  renin- 
angiotensin  system  is  probably  the  most  important  means  of  influencing 
aldosterone  secretion,  especially  in  man  and  the  dog.  In  other  species, 
especially  the  rat,  its  role  is  less  well  defined.  Finally,  ii  light  of  the 
difficulty  in  constructing  consistent  explanations  of  all  the  experimental 
phenomena  known  to  alter  aldosterone  metabolism  with  the  above  mentioned 
mechanisms,  the  possibility  of  other  influences,  as  yet  unrecognized,  may 
exist. 
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IIjl.  '  EXPSRIMSI'TTAL  WORK 


Introduction 


The  question  of  whether  the  renin-angiotensin  system  is  a  major  factor  in 

•  regulating  aldosterone  secretion  in  the  rat,  as  it  seems  to  be  in  the  dog  and 
man,  is  nou  well  answered  A  studj^in  1951,  relating  adrenocortical  changes  with 
various  types  of  hypertension,  prodded  data  which  would  suggest  that  this 
mechanism  aoes  operate  significantly*  It  was  found  that  injections  of  partially 
purified  renin  imo  unmephrectomized  rats  aid  cause  enlargement  of  the  zona 
glomerulosa.  Other  studies,  notably  those  of  Silers  and  Peterlon,  and  Karieb  and 
MulrZv,  have  snown  that  neither  infusions  of  semipurified  renin  nor  angiotensin  II 
coul.d  elict  increases  in  aldosterone  response.  One  of  the  explanations  for  this 

/  discrepancy  wasthat  the  injected  renin  in  the  original  study  caused  a  diuresis 

•  and  subsequent  sodium  loss  thus  caused  zona  glomerulosar  enlargement  (aldosterone 
secretion).  In  hope  of  evaluating  this  explanation  specifically  but  generally 
in  hope  oi  elucidating  more  accurately  the  function  of  the  renin-angiotensin 
system  in  the  rat,  the  following  study  was  undertaken. 


Methods 


Charles  River  male  rats  were  used.  The  following  table  identifies  the  group 


numbers,  the  numbers  of  animals  tested  and  the  number  of  animals  used  for  each  test. 

Table  I 


Number  ..of  Animals  in  Each  Test 


Group 

No.  of 

Animals 

Termination 

Date 

Untreated 

Controls 

Sodium 

Deficient 

Denatured 

Renin 

Renin 

I 

h 

6/22/66 

2 

p 

II 

h 

6/29/66 

2 

2 

III 

7 

7/13/66 

2 

3 

2 

17- 

h 

8/5/66 

3 

7 

7 

8/22/66 

- 

1 

r' 

5 

•Vp- 

°1 

2/3/67 

6 

r 

O 

6 

'  /' 
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There  was  a  variable  weight  range:  groups  I  -  ill  included  rats  from  2i|i|~253  gm.; 

groups  IV  -  V  iron  121  -  200  gm.j  and  group  VI  from  193  -  307,  They  were  fed  a 

78 

balanced  metabolic  diet  and  given  tap  water  to  drink.  Rats  on  a  sodium  deficiait 

had  exactly  the  same  diet  except  for  the  omission  of  sodium  chloride. 

The  renin tsed  was  a  crude  preparation  extracted  from  rat  kidneys  according  to 

79,80 

a  modified  procedure  of  Haas  and  C-oldblatt,  The  renin  In  the  samples  given  to  the 
controls  was  denatured  by  heating  it  in  a  physiologic  saline  solution  to  80  -  90  °G 
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tatively  for  activity  by  bioassay,  in  each  experiment  the  selected  doses  of  renin 

or  denatured  control  were  injected  subcutaneously  in  0,lcc»  of  physiologic  saline, 

either  truce  daily  (groups  I  ~  17)  cr  three  times  daily  (groups  V  -  VI),  The 

duration  of  the  injection  periods  varied  from  nine  to  twelve  days.  From  the 

81. 

experience  of  others,  it  has  been  shown  that  one  gram  of  rat  kidney  tissue 
(approximately  the  weight  of  one  normal  rat  kidney)  is  equivalent  to  2,3  dog  units. 
Collection  of  adrenal  vein  blood  for  aldosterone  secretion  measurements  was 
performed  in  the  following  manner.  The  animals  were  anesthetized  with  nembutal 
(5mgA00gm  of  body  weight).  They  were  given  2CC0  units  of  heparin  parenterally 
into the  Ir  tail  veins  prior  to  laparotomy.  Through  a  long  midline  incision  the 
left  adrenal  vein  was  exposed  and  then  a  22  gauge  needle  with  a  short  length  of 
P,E,  50  tubing  attached  was  inserted  through  the  left  renal  vein  and  threaded  into 
the  adrenal  vein.  The  venous  blood  drained  through  this  tubirg  into  a  graduated 
centrifuge  tube  paCV-r  in  ice.  During  the  ensuing  ten  to  forty  minute  collection 
period  necessary  to  obtain  an  adequate  sample  (2-Lml.  of  whole  blood)  the  viscera 
were  covered  with  a  warm  saline  moistened  gauss.  Immediately  following  collection, 
the  sample  volume  was  measured  and  centrifuged  at  3,0CO  r.p.m,  for  fifteen  minutes. 
The  separated  plasma  volume  was  measured  and  the  olasma  then  stored  in  a  frozen 
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, state  until  final  aldosterone  analysis  al  a  later  tine.  The  aldosterone 

82 

assay  method  used  was  the  double  isotope  determination  of  Kliman  and  Peterson, 

In  addition  to  venous  blood  samples,  the  organ  Heights  of  heart,  kidney 
and  adrenals  Here  recorded  for  each  animal.  The  adrenal  glands  Here  further 
preserved  in  10,6  formalin.  These  glands  uere  eventually  sectioned  and  individual 
sections  stained  -with  hematoxolin  and  eosin,  and  sudan  fat 'stain. 

Metabolic  studies  uere  also  performed  on  groups  I  -  V,  Each  animal  was 
maintained  in  an  individual  metabolic  cage  and  a  daily  record  was  maintained  for 
intake,  output,  and  weight.  Alternate  daily  urines  were  analyzed  for  sodium  and 
potassium*  * 

Blood  pressure  measurements  were  also  taken  on  the  rats  in  group  V  according 

P-5 

to  the  method  of  Harrison  et  ar.  The  development  of  any  persistent  chronic 
hypertension  was  evaluated  by  dally  measurements  taken  approximately  eight  hours 
after  a  sample  dose  of  renin  had  been  given# 

Results 

Organ  Weights:  (graph  no,  l) 

Initiallly  small  amounts  of  crude  renin  (o.l5  mg  in  group  I  and  0,32  mg 
in  groups  II  and  III)  were  injected  for  approximately  10  days.  Although  the 
quantities  chosen  were  known  to  produce  an  immediate  short  tern  pressure  rise 
(at  least  20  minutes)  in  the  nephrectomised  bioassay  animal,  no  increase  in 
the  relative  heart  weights  or  adrenal  weights  of  the  treated  animals  as 
compared  to  the  controls  were  noted.  The  amount  of  renin  injected  in  the 
subsequent  experiments  was  increased  to  9,6  mg  for  group  IT  and  toT2Gmg  for 
groups  7  and  VI,  In  groups  IT  and  T  a  smell  consistent  relative  increase  in 
heart  weight  (indicative  of  hypertensive  cardiovascular  strain)  was  suggested. 


0 
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but  in  group  VI  using  a  similar  dosage  in  slightly  larger  animals  no  significant 
heaiyt  weight,  cd_L±9rences  were  noted,-  It  is  possible  that  the  adrenal  weights  of 
the  sodium  depleted  animals  significantly,  exceed  the  rest*  (for  example,  in 
group  VI  an  average  increase  of  18  %  was  observed, ) 

l 

Metabolic  Studies:  (graph  no,  1,  2  &3) 

j 

Generally  it  was  evident  that  the  untreated  controls  gained  weight  most 
rapidly,  (compared  to  the  next  largest  weight  gain,  the  percentage  of  extra 
gain  for  the  untreated  controls  was .23  follows : group  I,  39,3,  group  III,  363: 
group  IV,  83,  group  VI,  1 63),  With  the  exception  of  the  rats  given  a  sodium 
free  diet,  no  signiflcarfc  comparative  differences  were  noted  in  the  other 
parameters.  The  animals  receiving  renin  showed  no  evidence  of  a  diuresis  or 
excessive  sodium  loss.  It  is  noteworthy  (group  II,  graph  No,  3)  that  the  animals 
on  a  sodium  free  diet  showed  the  anticipated  marked  decrease  in  urinary  sodium 
(0,3  mSr)  as  compared' 1,6  mE.q  for  renin  treated  animals)  and  consequent  low  Ua/K 
ratio  (0,26  as  compared  1,23), 

Adrenal  Zone  Widths:  (graph  no.  k) 

No  consistent  increase  in  adrenal  zone  widths  seemed  evident  in  any  of  the 
renin  treated  animals.  There  is  a  suggestion  of  a  slight  increase  over  the 
controls  in  group  V  but  this  is  not  repeated  in  group  VI,  The  expected 
increase  in  adrenal  zone  width  of  the  sodium  deficient  rats,  however,  was 
present  as  shown  in  graph  no,  k  for  groups  II  1  VI  (group  II -increase  was  12.3 
and  group  VI  Increase  was  31.3  as  compared  to  the  renin  treated  animals), 

The  values  for  both  control  and  hypertrophied  sections  seem  to  be  proportionally 
higher  than  other  reported  values  for  similar  sections,  but  this  was  felt  to  be 
a  consistent  pattern  of' reading  and  that  it  was  the  relative  changes  which  ware 
important. 


Aldosterone  Secretion:  (graph  no,!;) 

Because  01  the  technics!,  difficulty  involved  in  cannulating  the  adrenal 
vein,  samples  were  not  obtained  from  all  experimental  animals.  From  the 
results  of  those  which  mere  collected,  only  the  sodium  deficient  animals 
showed  an  unequivocal  increase  over  the  control  values,  The  absolute 
values  for  the  control  rats  seem  somewhat  lower  in  group  VI,  but  relationship 
between  the  denatured  renin  treated  rats  and  the  ones  treated  with  active  renin 
remained  relat5_vely  constant  throughout  all  groups. 

Blood.  Pressure: 

Tins  parameter  was  only  measured  in  group  V,  It  was  found  that  although 
& 

there  was  often  a  slight  blood  pressure  rise  within  the  first  hour  after 
injection,  it  was  usually  absent  eight  hours  after  injection.  No  endogenous 
hypertension  could  be  found  after  ten  days  of -treatment. 

Discussion 

The  avail£bility,  and  economy  of  using  rats  make  them  in  many  ways  ideal 
experimental  models  for  study.  Because  of  this,  it  would  be  extremely  helpful 
to  know  definitively  if  the  renin-angictensin  system,  which  seems  to  be  a 
major  factor  in  man,  has  a  functional  counterpart  in  the  rat.  If  this  were 
demonstrated,  research  on  all  aspects  of  aldosterone  metabolism  might  advance 
more  swiftly.  If,  however,  this  system  were  proven  not  to  be  functional  in 
the  rat,  it  would  emphasize  the  need  for  alternate  experimental  models  as 
well  as  clarify  the  interpretation  of  discrepant  observations  between  the 
rat  and  man. 

The  data  presented  in  these  experiments  confirms  the  stimulatory  effect 
of  sodium,  depletion  on  aldosterone  secretion.  It  also  provides  evidence 

ivp  enough  to  accurately  detect  changes  in  the 


that  our  studies  were 
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factors  measured*  The  remainder  of  the  data  demonstrate  that  chronic 
daily  injections  of  moderate  doses  of  renin  (up  to  7-10  units)  will  not 
stimulate  aldosterone  secretion  or  cause  histologic  hypertrophy  of  the 
zona  glomerulosa  in  normal  rats*  Furthermore,  no  metabolic  changes  were 
evident.  Blood  pressure  measurements  indicated  that  only  an  acute  pressor 
response  occurred  after  renin  injections  and  no  chronic  hypertension  was 


present  at  the  end  of  treatment.  Thus,  these  data  support  the  conclusions 

3!>  85 

of  Filers  and  Peterson,  and  Marieb  and  Mulrow,  that  in  the  normal  rat. 


the  renin-angiotensin  mechanism  does  not  seem  to  be  an  important  mechanism 
for  stimulating  aldosterone  secretione 

85  8? 

In  contrasting  our  results  with  those  of  Masson,  it  is  uorthuh.il e  to 
note  several  significant  points.  First,  in  all  his  data  from  which  it  is 
claimed  that  chronic  injections  or  renin  do  cause  a  definite  increase  in 
aldosterone  secretion  the  test  animal  is  uninephr e c t cmi zed.  This  hardly 
seems  to  simulate  the  physiologic  state.  Secondly,  the  daily  doses  of 
renin  injected,  especially  in  his  most  recent  work,  are  very  large  (80  units), 
The  concomitant  cardiac  hypertrophy  and  hypertensive  vascular  lesions  would 
seem  to  underline  these  as  nonphysiologic  levels  since  a  sodium  depleted 
animal  'Till  markedly  increase  his  aldosterone  secretion  without  any  evidence 
of  cardiac  hypertrophy.  Therefore,  it  is  cur  contention  that  only  under 
ezctrenely  unphysiologic  circumstances  car r-tnin  increase  aldosterone  secretion 
Summary 

Chronic  daily  injections  of  renin  in  normal  rats  do  not  stimulate 
aldosterone  secretion,  cause  hyp er trophy  of  the  sona  glomerulosa,  or  alter 
electrol — te  er.cretion,  Suacort  is  urovided  for  the  view  that  the  renin—  anric- 
ter  sin  rt  •m  c'"  rr-t  T>o”b  ryr,~h  -  ^  iLi — "JtT  z  3  sZL'ic^'t)  or  *1  v 
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DATA 

(for  graph  no,  1) 


GRGtFP 

DATS  TYPE 

BODY 

WEIGHT ( gms ) 

TISSUE 

WEIGHTS  (In  mg/ 100 

Average 

Initial 

Final 

•  Uadly  Gain 

Adrenal 

Kidney 

Heart 

I 

9  Untreated 

255 

309 

6,0 

15.92 

636.9 

365.6 

I 

1!  !l 

257 

315 

6.  k 

13.66 

698.6 

369.2 

Group 

Average 

6,2 

17.29 

666,7 

367.6 

I 

9  ?AAWday)  251 

293 

6.7 

19.93 

632.5 

361.3 

I 

!t 

28U 

312 

3.1 

18.53 

736.6 

367.1 

Group 

Average 

3.9 

19.26 

708.5 

366.2 

II 

9  Na  dei. 

233 

325 

5.7 

12,06 

697.3 

336.0 

II 

I!  It 

309 

.353 

h.9 

15.36 

680.6 

302.5 

Group 

Average  * 

6.8 

13.96 

689.1 

319,3 

II 

9  Renin 

302 

336 

3.7 

16.6 

861.9 

296,9 

( •  32ng/  day ) 

II 

tt  t? 

n 

232 

306 

2.7 

li.ll 

652.9 

307.5 

Group 

Average 

3.2 

12.26 

757.6 

301.2 

III 

12  Untreated 

261 

310 

6.1 

11.10 

727.7 

359.0 

III 

it  n 

276 

335 

h.9 

11.10 

662.6 

275.2 

Group 

Average 

6.5 

11.10 

685.1 

317.1 

III 

12  Denatured 

2UU 

283 

3.3 

16.93 

766.9 

363.9 

Renin 

III 

f! 

236 

27  6 

3.3 

16.96 

726.1 

312.3 

III 

1!  It 

256 

295 

3.3 

7.73 

728.3 

316.9 

Average 

3.3 

13.22 

733.3 

318.3 

uroup 

III 

12  Renin 

259 

303 

3.7 

18.08 

879.3 

369.9 

(*32ng/  day) 

326.7 

III 

IT  II 

266 

233 

3.3 

11,31 

639.2 

Group 

Average 

* 

3.5 

16.70 

759.5 

367.3 

P7 

9  Untreated 

133 

192 

6,3 

13.23 

933.9 

336.7 

Group 

5  VS"1*  2. 

6.3 

13.23 

933.9 

336.7 

I? 

9  Renin 

123  ' 

167 

6.9 

17.63 

903.6 

600.6 

(9.6ng/d ay) 

17 

it  it 

130 

191 

7.6- 

16.7  6 

968.2 

525.7 

IV 

it  it 

121 

173 

O.p 

15.33 

365.9 

653.5 

Group 

*J“  '-'o  w 

6  3 
-  •  > 

15. 37 

905.9 

626.9 

wt. ) 
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DATA 

(for  graph  no.  i) 

GROUP  DAYS  TYPE  BODY  WEIGHT  (gms)  TISSUE  OIEIGHTS  (In  mg/100  gn i  body 

Average  weight) 


Initial 

Final 

Daily  Gain 

Adrenal 

Kidney 

Heart 

V 

9 

Untreated 

150 

176 

2.9 

22.0 

855.1 

376.0 

Group 

Average 

2.9 

22.0 

855.1 

376.0 

V 

Group 

9 

Aver 

Denatured 

lenin 

age 

133 

171 

3.7 

3.7 

13.5 

18.5 

819.2 

819,2 

351,0 

351.0 

V 

9 

Henin}.9.1rag/da^m5 

•200 

6.1 

27.3 

730.0 

339.0 

¥ 

3 

If 

llf.2 

163 

3.2 

18.7 

1036.8 

538.7 

T7 

V 

e 

fl 

133 

tf  Q 

2  •  ^ 

*|OJ 

n  r'o  r\ 

c7!  n  £ 

Ji.  l  c 

V 

9 

it 

137 

17U 

3.1 

IriB 

375.8 

397.7 

V 

1! 

ii 

137 

165 

3.1 

20.3 

381,2 

317.0 

& 

3.6 

20.7 

897.3 

333.0 

VI 

10 

Untreated 

205 

299 

9.3 

11.97 

863.3 

272.7 

VI 

t! 

it 

192 

27  6 

8.3 

16.1-5 

803.8 

319,5 

VI 

ii 

it 

193 

230 

8.7 

16.93 

909.2 

326.7 

VI 

tr 

ii 

20U 

297 

9.3 

U. 55 

983.1 

330,8 

VI 

T! 

ii 

203 

307 

9.9 

13.36 

353.1 

277.6 

VI 

ti 

ii 

198 

293 

9.5 

19.13 

813.8 

316.3 

Group 

Average 

9.2 

15.30 

871.7 

307.2 

VI 

T! 

Ua+Def . 

195 

239 

5.3 

16.99 

377.3 

337.9 

VI 

If 

I! 

207 

280 

7.3 

17.13 

913.9 

339.6 

VI 

m 

it  a 

19  U 

235 

5.1 

20,90 

813,5 

305.3 

Group 

Average 

5.9 

13.33 

870.0 

367.6 

VI 

ii 

Den  attired 

195 

261; 

6.9 

18.11 

•  860.3 

323.3 

VI 

ii 

uenpn 

197 

250 

5.3 

13.16 

826.3 

323.0 

VI 

ii 

ii 

202 

260 

5.3 

16.23 

901.3 

338.5 

VI 

ii 

ii 

203 

276 

7.2 

13.91 

p-|  r>  r> 

333.6 

VIA 

n 

ii 

193 

233 

5.2 

15.33 

838.0 

353.1 

VI 

1! 

1! 

199 

230 

3.1 

16.71 

083. 0 

333.3 

Group 

Average 

6.3 

15.77 

855.9 

337.3 

VI 

"  Renin  ( 2  Ong/ day ) 

199 

293 

9.k 

20.33 

383.6 

333.6 

VI 

it 

t! 

203 

297 

9.3 

12.65 

909.6 

308.1 

VI 

ii 

I! 

200 

270 

7.0 

12.03 

pyp  cr 

PI  9  P 

71 

it 

n 

193 

260 

6.7 

15.27 

333.3 

A  /  J.r 

VI 

it 

!t 

193 

267 

6.9 

13.91 

902.9 

3et  *  7 

VI 

r? 

ii 

193 

271 

7.3 

12.32 

797.7 

333.1 

C-roup 

Aver 

o  ^ 

7.9 

15.09 

863.9 

333.2 

c 
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Graph  No.  1. 


ORGAN  WEIGHTS 


Group 


i 


ii 


f  j Untreated  Control 
|zT|  Sodium  Deficient 
^[Denatured  Renin 
J Active  Renin 


v 


vi 
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DATA 

(for  graphs  no.  2  & 
AVERAGE  DAILY  INTAKE  -  OUTPUT  A 

3) 

YD  SALT 

EXCRETION 

GROUP  DAYS 

TYPE  FOOD 

WATER 

URINE 

URINE 

Na+  X+ 

Na+/R+ 

Grn 

Gn 

cc 

nEq  mEa 

I  9 

Untreated  18.3 

21.7 

6.8 

1. 218 

1.112 

1.19 

I  " 

"  18.6 

22.7 

9.3 

1.330 

1.170 

1.13 

Group  Average 

‘  13.5 

22.2 

8.1 

1.3H* 

1.11*1 

1.16 

I  9 

Renin  Cl6mg/day)  16.9 

20.9 

3.5 

1.296 

l.lhh 

l.lh 

I  " 

"  17.  h 

26.0 

13.2 

1.371 

1.U06 

1.07 

At rar»<*,  ro 

vJ_  UUU  -»  ■»-  v  U.LC 

17-2 

23.5 

10.9 

1.33U 

1,275 

1.11 

II  9 

Na+  def.  16.1 

23.  h 

12.5 

.36U 

1.21-2 

0.32 

II 

f  "  16.9 

26.7 

16.0 

.2Il0 

1. 1*1*2 

0.19 

Group  Average 

16.5 

25.1 

lh.3 

.302 

1.31*2 

0.26 

II  9 

Renin  ( .  3  2mg/day )  17 . 6 

23.3 

13.6 

1.622 

1.1*32 

l.lh 

II  " 

"  15.3 

21.9 

13.8 

1.557 

1.201 

1.36 

Group  Average 

16.5 

23.5 

13.7 

1.590 

1.317 

1.25 

III 

12 

Untrea 

.ted 

13.9 

27.6 

15.6 

1.776 

1.622 

1.09 

III 

tt 

it 

19.2 

23. h 

11*.  o 

1.773 

1.817 

0.99 

Group 

.Average 

19.1 

20.5 

11*.  8 

1.777 

1.720 

i.oh 

III 

12 

Denatured  Renin 

15.6 

22.0 

11.8 

l.hhO 

1.337 

1.03 

III 

!! 

it 

.  ?! 

15. h 

23.5 

13.5 

1.299 

1.1*29 

0.90 

III 

It 

tt 

II 

15.7 

19.3 

9.1 

1.399 

1.319 

1.06 

Group 

Average 

15.6 

21.3 

11.5 

1.380 

1.373 

1.00 

III 

12 

Renin 

(.32  mg/d ay) 

18.9 

21.3 

12.9 

1.362 

1.771 

1.03 

III 

it 

rt 

16.7 

19.3 

11.2 

1.537 

1.566 

0.99 

Group 

Averag 

17.3 

20.3 

12.1 

1.700 

1.669 

i.oh 

17 

9 

Control 

lh.3 

15.3 

6.5 

.991 

.979 

1.02 

Group 

Averag 

e 

H*. 3  . 

15.3 

A  < 

.991 

.979 

1.02 

17  ' 

9 

Renin 

( 9 . 6ng/ day ) 

11.7 

15.3 

6.3 

.670 

.572 

1.22 

17 

!! 

it 

13.6 

15.2 

6.3 

.895 

.932 

0.97 

17 

I! 

IT 

11.2 

ih.i 

5.3 

.752 

.76h 

0.99 

Group 

Averag 

o  It 

12.2 

11*.  9 

6.0 

.772 

.756 

1.06 

• 

DATA 

(for  graphs  no.  2  &  3) 


URINE 


GROUP  D'.YS 

TIPS 

FOOD 

un 

Gn 

urine 

cc 

Na+ 

ill 

K+ 

mEq 

Na+/K+ 

V  9 

Untreated 

n.i 

16.9 

7.7 

.821 

.830 

1.01 

Group  Are rag 

e 

n.i 

16.9 

7.7 

.821 

.830 

1.01 

V  9 

Denatured  Renin 

9.1 

12.U 

3.8 

.513 

.576 

0.92 

vr-\ 

'-‘J-  Os.  »  0.-L 

QS1 

12  ,5 

3-8 

.513 

.576 

0.92 

v  9 

Renin ( 19 . lmg/day 

)  12.1 

17.3 

7.9 

.962 

.758 

1.26 

V  5 

tt  it 

9.8 

15.5 

5.6 

.675 

.672 

0.99 

V  5 

n  n 

$ 

13.1 

15.3 

7.3 

.369 

.371 

1.00 

7T  9 

ii  •  n 

11.5 

Ik. 7 

7.9 

.965 

.337 

1.15 

V  9 

!!  11 

10.3 

15.0 

5.3 

.760 

.711 

1.07 

Group  Averag 

e 

11.  5 

15.9 

6.8 

.856 

.763 

1.01 

Graph  No#  2 


31. 

□  Untreated  Control 
(*~)  Sodium  Deficient 
AVERAGES  fj  Denatured  Renin 

m  Active  Renin 


iv  v 


Graph  No,  3 
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|  DAILY  AVERAGES 

Urine  Sodium  Output 


□  Untreated  Control 
jH]  Sodium  Deficient 
m  Denatured  Renin 
■  Aptive  Renin 
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DATA 

(for  graph  No. lx) 


GROUP 

DAYS 

TYPE 

A7,  ZONA  GL0MERUL03A 

ALDOSTERONE  SECRETION 

7JXDTK  microns 

RATS  mu.  gn/nin 

I 

!  O 
y 

Untreated 

100 

3.U 

Group 

Average 

100 

3. U 

I 

9 

Renin  (,l6mg/day) 

92 

- 

I 

IT 

u 

U.2 

Prr*r\ivn 
—  w 

A  cr  a 

--  .  W—  w0 

92 

lie  2 

II 

9 

Na+  def. 

ecr 

12.9 

II 

JT 

ii  ii 

128 

17.7 

Group 

Average 

£ 

128 

15.3 

II 

9 

Renin  ( ,  3  2ng/  day ) 

115 

— 

Group 

Average 

115 

III 

12 

Untreated 

in 

Group 

Average 

in 

III 

12 

Denatured  Renin 

5.7 

III 

1! 

t?  rr 

5.5 

Group 

Average 

5.6 

III 

12 

Renin(,32  mg/d ay) 

87 

Group 

Average 

87 

If 

9 

Untreated 

107 

6.6 

Group 

Average 

107 

6.6 

IV 

9 

Renin(9«o  ng/ day) 

97 

8.7 

r j 

9 

ii  u 

76 

'  6.h 

Group 

Average 

• 

87 

7.6 

V 

9 

Untreated 

89 

2.8 

Group 

Average 

89 

2.8 

V 

9 

Denatured  Renin 

80 

6.6 

Group 

Average 

80 

6.6 

3h. 


DATA 

(for  graph  no.  2;) 


GROUP 

DAYS 

TYPE 

AY. .  ZONA  GL0MERUL0SA 

ALDOSTERONE  SECRET 

WIDTH  microns 

RATE  mp.  grn/min. 

V 

9 

Renin  (19*1  mg/ day) 

93 

V 

h 

ti  ii 

106 

V 

5 

ii  ti 

119 

V 

9 

ii  ii 

116 

7.U 

V 

9 

ii  n 

107 

7.7 

Group 

Average 

108 

7.6 

VI 

10 

Untreated 

9k 

h.2 

VI 

ri 

u 

no 

VI 

If 

ii 

ni 

VI 

II 

j* 

85 

5.2 

VI 

II 

ii 

100 

VI 

tl 

a 

100 

Group 

Average 

100 

U.7 

VI 

10 

Na+  def. 
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